Poxviruses are an extensive family of large DNA viruses renowned for their ability to manipulate the host via an array of virally encoded modulators (Seet et al., 2003) . Recently, we identified a novel family of F-box proteins encoded by chordopoxviruses (Mercer et al., 2005; Sonnberg et al., 2008) . Cellular F-box proteins recruit substrates to the SCF1 ubiquitin ligase complex, generally resulting in the substrates' polyubiquitination and subsequent degradation via the 26S proteasome (Bai et al., 1996; Skowyra et al., 1997; Willems et al., 2004) . Poxvirus ANK/F-box proteins bind SCF1 complexes in a manner similar to that of cellular F-box proteins (Sonnberg et al., 2008) . Despite the high level of conservation of cellular Fboxes in plant, yeast, fly, worm and human (Pfam PF00646,  http://pfam.sanger.ac.uk/family?entry=f-box), the poxvirus F-box (Pfam PF09372, http://pfam.sanger. ac.uk/family?acc=PF09372) is significantly truncated. We here address this unique truncation, its effect on ANK/Fbox protein binding to the SCF1 complex and implications for the function of this novel family of viral proteins.
Ten poxvirus ANK proteins have been shown to contain a functional F-box: orf virus proteins OV008, OV123, OV126, OV128 and OV129 (Sonnberg et al., 2008) , myxoma virus protein MYXV005 (Johnston et al., 2005) , vaccinia virus (modified vaccinia Ankara strain) protein MVA186R (Sperling et al., 2008) and ectromelia virus proteins ECTV002, ECTV005 and ECTV154 (van Buuren et al., 2008) . The amino acid sequences of their F-boxes were aligned with those of the F-boxes of Skp2 (S-phase kinase-associated protein 2), Fbw7 (F-box and WD40 repeat-containing protein 7), Arabidopsis thaliana TIR1 (transport inhibitor response 1) and three F-box consensus sequences (adapted from Kipreos & Pagano, 2000; Schulman et al., 2000; Willems et al., 2004) . Each of the poxvirus motifs conserved the majority of F-box-specific residues present in the N-terminal two-thirds of the domain (Fig. 1a) . Jpred predictions (Cole et al., 2008) of secondary structures generally revealed two a-helices corresponding to F-box a-helices 1 and 2, whilst MYXV005 and ECTV005 also contained b-sheets (Fig. 1a) . All examined ANK/F-box proteins except for ECTV005 terminated directly after the F-box region.
The tertiary structures of Skp2-F (Skp2-F-box), Fbw7-F and TIR1-F (Hao et al., 2007; Schulman et al., 2000; Tan et al., 2007) are highly similar, containing F-box a-helices 1, 2 and 3 (Fig. 1b, top row) . The tertiary structures of the ten poxvirus F-boxes were predicted and compared with the cellular domains. Structural models were created by using 'Fit Raw Sequence' of PDB Viewer (Guex & Peitsch, 1997) with Skp2-F as template (PDB ID 1Fs1, http:// www.rcsb.org/), followed by optimization via 'Project (optimize) mode' of SWISS-MODEL (Arnold et al., 2006;  http://swissmodel.expasy.org/). All structures were visualized with MacPyMOL (DeLano, 2007) . Ramachandran plots indicated that all residues fell within allowable areas, except for S523 of OV123-F (not shown). This approach, independent of the previous alignment analysis, revealed F-box-like structures and predicted the presence of F-box a-helices 1 and 2 in all poxvirus F-boxes. Four poxvirus F-boxes were also predicted to contain a third a-helix (OV123-F, ECTV002-F, ECTV005-F and ECTV154-F) ( Fig.  1b; Supplementary Fig. S1 , available in JGV Online), although very few residues typical of F-boxes were conserved in this region of any of the proteins ( Fig. 1a ; Supplementary  Fig. S1 ). ECTV005 F-box and b-sheets could not be modelled together. In conclusion, the poxvirus F-boxes were predicted to conserve F-box a-helices 1 and 2 fully. Fbox a-helix 3 was either completely absent (OV008-F, OV126-F, OV128-F, OV129-F, MVA186R-F and MYXV005-F) or predicted to be only structurally conserved, but largely lacked conserved F-box residues (ECTV002-F, ECTV154-F, OV123-F and ECTV005-F).
F-box proteins bind to the SCF1 subunit Skp1 via their Fbox ( Fig. 2a) (Bai et al., 1996; Skowyra et al., 1997; Willems et al., 2004) . To examine possible interactions of the poxvirus F-boxes with Skp1, the predicted structures were superimposed onto the solved crystal structure of the Skp1-Skp2 complex (PDB ID 1Fqv; Schulman et al., 2000) by using MacPyMOL. Skp2 binds Skp1 via its three-a-helix F-box and a proximal C-terminal region that includes a section of the LRR (leucine-rich repeats) substrate-binding domain ( Fig. 2 ; Schulman et al., 2000) . The poxviral F-box structures predicted to contain F-box a-helices 1 and 2 fit well within the F-box-binding site of Skp1, akin to the equivalent region of cellular Skp2-F. An example (OV008-F binding to Skp1) is shown in Fig. 2(b) . The poxvirus Fboxes predicted to contain a third a-helix also fit well within the F-box-binding site of Skp1, as exemplified by OV123-F (Fig. 2b ).
The detection, by structure modelling, of a third a-helix in some poxvirus F-boxes led us to examine a possible contribution of this helix to Skp1 binding. Skp2-F binding to Skp1 is mediated by both hydrogen-bond formation and extensive hydrophobic interactions (Schulman et al., 2000) . Skp2 F-box a-helix 3 forms hydrogen bonds with residues of Skp1 a-helix 8 (Fig. 2c) . Extensive hydrophobic interactions between the region C-terminal to F-box ahelix 3 (W149 and several residues of the first b-sheet and a-helix of the LRR) and Skp1 a-helix 8 also contribute to Skp1 binding (Schulman et al., 2000) and, in other cellular F-box proteins, regions C-terminal to their F-boxes also contribute to Skp1 binding (Hao et al., 2007; Orlicky et al., 2003; Wu et al., 2003) . The poxvirus F-box structures were superimposed onto Skp1-Skp2 by using PDB Viewer; hydrogen bonds were predicted by the same program, visualized with MacPyMOL and the resulting interfaces were compared with the Skp1-Skp2 complex. The C-terminal F-box of poxvirus ANK/F-box proteins is necessary for binding Skp1 (Sonnberg et al., 2008; Sperling et al., 2008; van Buuren et al., 2008) . Consistent with these findings, hydrogen bonds and hydrophobic interactions were predicted to form between F-box a-helices 1 and 2 and Skp1, indicating that the core interface of Skp1-F-box interaction (Schulman et al., 2000) is conserved in poxvirus F-boxes (not shown). However, no hydrogen bonds were predicted to form between residues of the third a-helix and Skp1 (Fig. 2c) . A few hydrogen bonds, as well as hydrophobic interfaces, were predicted to form between the third a-helix and F-box a-helices 1 and 2, presumably stabilizing the shape and orientation of a-helix 3 (Fig. 2c) . Overall, the third a-helix present in some poxvirus F-boxes appeared not to contribute to Skp1 binding.
We have shown previously that a recombinant poxvirus ANK protein deleted of the F-box (OV008DFbox) displayed no binding to Skp1 in co-precipitation analysis, whilst deletion of the large ANK domain did not affect interaction with SCF1 (Sonnberg et al., 2008) . We therefore tested whether the typical two-a-helix poxvirus F-box was sufficient for binding SCF1. Several constructs of OV008 were created: OV008 and its F-box were tagged Nterminally with enhanced green fluorescent protein (eGFP), creating full-length eGFP-OV008 and eGFP-F OV008 , which contained the F-box of OV008 and an additional N-terminal 18 aa (Fig. 3a) . SCF1 subunits tagged N-terminally with glutathione S-transferase (GST) have been described previously (Sonnberg et al., 2008) . For the interaction assays, HEK293EBNA1 cells were transiently transfected with the indicated (+) plasmids (Fig. 3b) , then proteins were harvested and precipitated with glutathione-Sepharose. Precipitates were analysed by using SDS-PAGE/Western blotting and antibodies specific for GFP, GST and endogenous Skp1 (Fig. 3b) .
eGFP-OV008 co-precipitated with GST-Skp1, whereas eGFP did not (Fig. 3b, lanes 1 and 2, respectively) . eGFP-F OV008 co-precipitated with GST-Skp1, GST-Cul1 and GST-Rbx1 (Fig. 3b, lanes 3, 5 and 6 , respectively), but not with GST (Fig.  3b, lane 4) . We have shown previously that the poxvirus Fbox interacts primarily with Skp1 and that endogenously expressed Skp1 can bridge the interaction between GST-Cul1 and poxvirus ANK/F-box proteins (Sonnberg et al., 2008) . We therefore examined the precipitates for the presence of endogenous Skp1. Endogenous Skp1 co-precipitated with Cul1 and Rbx1 and was thus available to bridge the interaction with the F-box of OV008 (Fig. 3b, lanes 5 and 6,  respectively) . The presence of endogenous Cul1, necessary for interaction of Rbx1 with Skp1 (Zheng et al., 2002) , was not tested. This poxvirus two-a-helix F-box was therefore sufficient for interaction with the SCF1 complex in an in vivo GST pull-down assay, and did not require additional domains of the poxvirus ANK protein.
In this study, we have examined the features of the ten poxvirus F-boxes and have shown that they lacked F-box ahelix 3, through either truncations or residue substitutions. In cellular F-box proteins, F-box a-helix 3 and its immediate C-terminal region contribute to the binding of F-box proteins to Skp1 (Schulman et al., 2000; Zhou & Howley, 1998) . Disrupting the binding of Skp1 to F-box ahelix 3 and the region immediately C-terminal to the F-box results in a marked decrease in the half-life of the Skp1-Skp2 complex, indicating that this region contributes to the stability of the interaction (Schulman et al., 2000) . The loss of F-box a-helix 3 could therefore reduce the stability of poxvirus ANK/F-box protein-Skp1 complexes. Despite this, the available evidence suggests that these viral motifs are functional and we have shown here that a prototypical twoa-helix F-box (of OV008) is sufficient for binding SCF1.
Cellular F-box proteins compete for SCF1 core (Skp1-Cul1-Rbx1) complexes. F-box protein rates of synthesis and degradation determine the formation of specific SCF1 F-box protein complexes and thus the pattern of substrate degradation (Bosu & Kipreos, 2008; Galan & Peter, 1999; Zhou & Howley, 1998) . Considering that individual poxviruses encode several ANK/F-box proteins (from four to over 30; Mercer et al., 2005) , reduced stability of the viral F-box protein-Skp1 complexes might allow more rapid interchange of SCF1 core complexes and different poxvirus ANK/F-box proteins. In addition, SCF1 subunits undergo auto-ubiquitination and proteasomal degradation (Bosu & Kipreos, 2008; Zhou & Howley, 1998) , a negative-regulatory feature that could be prevented or reduced by transient binding of poxvirus proteins to SCF1, thereby increasing the available pool of SCF1 complexes and of ANK/F-box proteins.
We propose that the here-described lack of a functional Fbox a-helix 3, yet competence in binding Skp1, is a common feature of poxvirus F-boxes. The exception is the F-box of ECTV005, which has been shown to be insufficient for Skp1 binding (van Buuren et al., 2008) . This F-box is unusual in its length and in the presence of C-terminal b-sheets, and only one orthologue is encoded by other poxviruses (cowpox virus Brighton Red protein 011). The structure of this particular F-box could have been affected by the deletion of the large N-terminal ANK domain.
Further investigations into the unique poxvirus F-box should address possible differences in binding affinities to Skp1 compared with cellular domains by using more sensitive methods than immunoprecipitations, such as surface plasmon resonance assays with purified proteins. These studies could also include the deletion of cellular F-box ahelix 3 and its addition to poxvirus motifs. The putative transient Skp1-binding mechanism by poxvirus F-box proteins could prove an important aspect of the overall mechanism of action of this largest family of chordopoxvirus proteins. The identification of proteins bound by the Nterminal ANK domains and the fate of these proteins could also greatly enhance our understanding of the function of poxvirus ANK/F-box proteins during poxvirus infection. Viral two-a-helix F-box is sufficient for binding SCF1
